Objective: To evaluate the validity of the Inter99 food frequency questionnaire (FFQ) compared with a 28-days' diet history and biomarkers. Subjects: A random sample of 13 016 individuals were drawn from a general population and invited for a health screening programme. Participation rate was 52.5%. All high-risk individuals were re-invited for assessment after 1 and 3 years and completed a 198-item FFQ at all three occasions. Participants attending for 3 years follow-up were invited to participate in the validation study, including a 28-days' diet history, a 24-h urine collection and a fasting blood sample. Overall, 264 subjects participated. Results: Spearman's rank correlation coefficients between the two dietary methods ranged from 0.31(b-carotene) to 0.64 (fruits) in men and from 0.31 (polyunsaturated fat and sodium) to 0.64 (fruits) for women. The proportion of individuals classified in the same or adjacent quintiles were, on average, 72% for men and 69% for women. Gross misclassification was found on average in 2%. The correlation coefficients of the residuals ranged from 0.27 (sodium) to 0.61 (fruits) for men and from 0.21 (sodium) to 0.62 (B12-vitamin) for women. Correlation coefficients between fruit and vegetable intake and carotenoids ranged from À0.08 (lycopene) to 0.44 (a-carotene). For the residuals the correlation coefficients ranged from À0.004 (lycopene) to 0.47 (a-carotene). Conclusion: The Inter99 FFQ and the residuals of the intake provide acceptable classification of individuals according to their dietary intakes and the FFQ gives a good quantitative measurement of key dietary components.
Introduction
Assessment of food habits is central for studies of the relation between diet and health. Dietary intake is notoriously difficult to measure because of errors related to recall, misreporting and assumption of portion sizes. The Food Frequency Questionnaire (FFQ) is the preferred method in large studies because administration is easy, intake can be assessed over an extended time period, and its low cost. However, it is necessary to validate FFQs in the target population before outcome variables can be examined against dietary intake (Bingham et al., 1997; Cade et al., 2002) .
The Inter99 study is a Danish population-based intervention study on diet, physical activity and smoking habits (Jorgensen et al., 2003) . To measure the effect of the intervention on changes in dietary habits a semi-quantitative FFQ was developed. The questionnaire was developed from FFQs previously used and validated in the Diet, Cancer and Health study and The Danish National Birth Cohort (Tjonneland et al., 1991; Olsen et al., 2001 ) and modified to improve intake estimates of fatty acids, cholesterol and complex carbohydrates.
The aim of the present paper was to evaluate the validity of the Inter99 FFQ compared with a 28-days' diet history, and with plasma carotenoids and urine nitrogen as biomarkers for dietary intake. Furthermore, the aim was to explore the validity of the residuals of the nutrient and food intake for future energy-adjusted analyses.
Study population and methods
The Inter99 study. The Inter99 study aimed to decrease the incidence of cardiovascular diseases. The study population comprised all 61 301 individuals born in 1939-40, 1944-45, 1949-50, 1954-55, 1959-60, 1964-65 and 1969-70 living in the south-western part of Copenhagen county, on 2 December 1998. An age and sex-stratified random sample of 13 016 individuals was drawn from the study population, of whom 12 934 were eligible, and invited for a health-screening programme. A total of 6906 (53%) turned up for the investigation. Out of these 122 were excluded because of alcoholism, drug abuse or linguistic barriers leaving 6784 (52%). Individuals at high risk of developing ischemic heart disease (IHD) (Jorgensen et al., 2003) were reinvited after 1 and 3 years, and completed a 198-item FFQ at all three occasions. The Inter99 study is described in detail elsewhere (Jorgensen et al., 2003) .
The validation study. The validation study was done on data from the 3-years' follow-up visit from the Inter99 study and included a 28-days' diet history (Gibson, 2005) , a 24-h urine collection and a fasting blood sample. Participants attending at the centre in the period between 10 June 2002 and 16 February 2004 were personally and sequentially invited to participate in the validation study. The participants were preferably invited to participate in the interview the same day they attended for the health screening programme, with a maximum of two participants per day.
The 28-days' diet history interview was for most participants completed on the day they attended for health examination at the centre, and the average time lap (s.d.) between answering the FFQ and the interview was 3.4 (4.7) days (maximum 15 days). A total of 284 individuals accepted participation in the validation study, of which 17 did not turn up for the interview, two participants did not complete the FFQ and one participant could not recall the dietary intake the last 28 days and was excluded, leaving 264 participants (#: N ¼ 125;~: N ¼ 139).
The 198-item food frequency questionnaire. The FFQ is a semiquantitative questionnaire consisting of 198 food items and beverages. Participants were asked to report their average intake of different foods and beverages the last month choosing between seven and eleven possible responses, ranging from never to eight or more times per day. The questionnaire consisted of 16 sections: number of meals, breakfast, bread and fat spread on bread, cheese, meat and fish, etc., laid on bread, hot meals, accompaniments to hot meals, sauces, fats for cooking, fast food, vegetables, salad dressing, fruits, snacks, candy/ice cream/chocolate, cookies, and beverages (not including soft drinks and juice). The questionnaire included specific details about the intake of different types of bread, fats and fish. The frequency of consumption of each unit of food was multiplied by standard portion sizes. To take into account the tendency of overestimating the consumption of single food items (Bingham et al., 1997) , the questionnaire contained questions concerning the frequency of consumption of entire food groups. Portions sizes for hot meals were estimated higher for men than women (Haraldsdottir et al., 1998); Biltoft-Jensen, 2004) . The daily food consumption was translated into energy intake and nutrient intake using the Danish Food Composition Databank (version 6, Saxholt et al., 2005) and the software programme FoodCalc version 1.3 (Lauritsen, 1998) was used for the calculations. By mistake no questions regarding juice and soft drinks were included but these were added at the 3-years' follow-up visit. These questions were not included in the validation study to make this applicable to the FFQ used at all three visits. However, separate analyses were performed to investigate the effect of including juice and soft drinks.
The 28-days' diet history. All participants underwent a diet history interview performed by the same trained clinical dietician. The subjects were questioned about their habitual diet using a structured interview guide with non-leading, open-ended questions on diet intake. The participants were asked about their consumption of breakfast, lunch and between meals the last 28 days and about the intake of dinner the last 14 days. Quantities were explored by means of a validated photo series (Danish Veterinary Food Administration (1995) ), cups and measures (Andersen et al., 1996) . The participants were specifically asked about the proportion between meat and vegetables in mixed meals and the type of fat used for cooking. At the end of the interview, a checklist was used to check for additional intake (for example, how many times per week do you eat pastry or candy, how often do you go to a hotdog-stand, how many drinks do you drink a week). The interviews lasted approximately for 2 h. To translate food consumption into daily energy intake and nutrient intake the same procedure as described for the FFQ was followed.
Carotenoids in plasma. Plasma carotenoids are biomarkers of long-term intake of fruit and vegetables (McEligot et al., 1999; Broekmans et al., 2000) . At the day of completing the FFQ, fasting (48 h) blood samples were taken. Plasma was treated with ethanol to precipitate proteins, and the carotenoids were extracted with petroleum ether and analyzed by reverse-phase high-performance liquid chromaValidation of the Inter99 food frequency questionnaire U Toft et al tography (HPLC; Waters, Milford, MA, USA). Separations of carotenoids were achieved using a C 30 carotenoid column (5 mm, 250 mm Â 4.6 mm ID, YMC, Wilmington, NC, USA). An UV detector was used for quantification at 450 nm for lutein, zeaxanthin, b-cryptoxanthin, a-carotene and b-carotene and at 470 nm for lycopene. A photodiode array detector was applied for identification of the carotenoids by scanning between 200 and 600 nm and for quantification at 286 nm for phytoene and at 347 nm for phytofluene. The concentrations of the carotenoids were calculated using external standard curves. Standards were obtained from Sigma-Aldrich Denmark A/S and CaroteNature GmbH Switzerland.
Nitrogen and PABA in urine. Participants collected one 24-h urine sample within 2 weeks after completing the FFQ. To verify the completeness of the 24-h urine collections, the PABA method was used (Jakobsen et al., 1997) . PABA in the urine was determined using the HPLC method, and any urine collection with a PABA recovery level below 78% was classified as incomplete and excluded (Jakobsen et al., 1997) . The content of nitrogen was determined by Kjeldahl (Nordic Committee on Food Analysis, 2003) as a short-term biomarker for dietary protein intake Willett (1998) The intake of protein according to the 24-h urine collection was estimated by the following equation: protein intake ¼ ðN À urine=0:81ÞÂ6:25 (Bingham and Cummings, 1983) .
Statistical analyses
Statistical analyses were carried out using the SAS statistical software package (version 9.1, SAS Institute Inc., Cary, NC, USA). Most of the intake data were non-normally distributed both before and after log transformation and therefore medians, 5th and 95th percentiles are presented and the Wilcoxon-matchedpairs test (Van Horn, 1960 ) was used to analyse the difference in intake between the two dietary methods. Dietary intake estimated from the two dietary methods were plotted against each other and the line of identity was drawn. Bland-Altman plots were made to study the individual agreement between the two dietary methods (Bland and Altman, 1986) . The ability of the FFQ to rank individuals equally to the diet history was assed by Spearman rank correlation coefficients (Brown and Benedetti, 1977) and by classification of subjects into quintiles. Gross misclassification was defined as classification in the opposite quintile observed in the highest and lowest quintile. Spearman rank correlation coefficients were calculated to assess the association between FFQ data and biomarkers. The energyadjusted residuals of the intake were calculated from a regression model with the nutrient/food as the dependent variable and the energy intake as the independent variable, as suggested by Willett (1998) . To improve normality log transformations were used in the calculations. Tests were considered significant at Po0.05.
Results
The characteristics of the participants are presented in Table 1 . Participants included in the validation study did not differ significantly from the rest of the participants attending at the centre at 3-year follow-up with respect to sex, physical activity, alcohol intake and body mass index. Participants in the validation study were in general a little younger and they included fewer smokers and unemployed compared with non-participants.
Comparison between FFQ and diet history With few exceptions the FFQ underestimates the intakes compared to the diet history. The daily energy intake was estimated approximately 2.3 MJ and 0.6 MJ higher by the diet history than by the FFQ for men and women, respectively (Table 2) . Validation of the Inter99 food frequency questionnaire U Toft et al
The crude correlation coefficients between the two dietary methods ranged from 0.31 (b-carotene) to 0.64 (fruits) for men and from 0.31 (polyunsaturated fat and sodium) to 0.64 (fruits) for women (Table 3 ). The Bland-Altman plots for both sexes separately for energy, macronutrients, fibre and selected micronutrients and food groups, showed, except for saturated fat, no serious systematic variation between the two dietary methods over the range of average intake ( Figure 1 -only plots for energy and saturated fat for all participants are shown). The Bland-Altman plots for saturated fat showed for both sexes a slope (Figure 1) , and the scatter plot of saturated fat (Figure 2 ) illustrated a tendency of increasing under-reporting according to the FFQ with increasing intake of saturated fat.
Scatter plots of energy, nutrients and food groups showed a tendency of data points to cluster around the line of identity, except for b-carotene, calcium and vitamins C and D for which the plots showed a decreasing slope with increasing intake, illustrating that the FFQ does not measure the variation in intake well in individuals with a very large intake of these nutrients.
The proportion of individuals who were classified in the same or adjacent quintiles of dietary intake ranged from 60% ( b-carotene) to 80% (fruits and energy) for men (on average 72%) and from 65% (mono-and polyunsaturated fat, vegetables, protein and vitamin A) to 80% (fruits) for women (on average 69%). Gross misclassification was found for on average 2% for both men and women.
The correlation coefficients of the residuals ranged from 0.27 (sodium) to 0.61 (fruits) for men and from 0.19 (sodium) to 0.61(B 12 vitamin) for women (Table 3) and, on average, 70 and 71% men and women, respectively, were categorized in the same or adjacent quintiles by the residuals of the two dietary methods. On average, 2% of both men and women were categorized in the opposite quintile.
When including the missing questions about soft drinks and juice 251 kJ/day were added on average to the calorie intake. Furthermore, the correlations between the FFQ and the diet history were improved slightly for added sugar (#: r ¼ 0.66;~: r ¼ 0.51) and for vitamin C (#: r ¼ 0.64;
: r ¼ 0.62) but not for the other nutrients.
Comparison between FFQ and biomarkers Significant correlations were found for most plasma carotenoids and the intake of fruits and vegetables (Table 4 ). The highest correlation was found between a-carotene and fruit and vegetables intake (#:0.44;~:0.41) and the lowest Validation of the Inter99 food frequency questionnaire U Toft et al correlations were found for lycopene for which no significant correlations were found. Analogous for the residuals no significant correlation coefficients were found for lycopene, and the highest correlation coefficients were found between fruit and vegetables and a-carotene (#:0.47;~:0.38). Urine collections were incomplete for 37 participants according to the PABA method (Jakobsen et al., 1997) and these were excluded when validating reported protein intake. The median intake of protein according to the FFQ was 87 g/day for men and 71 g/day for women, and the estimated protein intake calculated from the excreted nitrogen was 104 and 77 g/day, respectively. The estimated intake and excretion of protein was significantly correlated and the correlation coefficient was 0.35 for men and 0.25 for women (energy-adjusted: #: r ¼ 0.40;~: r ¼ 0.28).
Discussion
Compared to the results from the 28-days' diet history the Inter99 FFQ was found to provide a reasonable quantitative assessment of dietary intake and a good classification of individuals. Comparison with plasma carotenoid level and urinary nitrogen supported that the Inter99 FFQ gives an acceptable classification of the intake of fruits and vegetables, and of protein. The classification according to the residuals was also satisfactory compared with the diet history.
Correlations between the two dietary methods were in general higher than 0.4, which is comparable with the results of other validation studies (Tjonneland et al., 1991; Bingham et al., 1997; Sevak et al., 2004; Nath and Huffman, 2005; Shatenstein et al., 2005) and is in general considered a reliable classification according to nutrient intake (Block and Hartman, 1989) . On average 72% men and 69% women were classified in the same percentile by the two dietary methods, which is also comparable with other similar studies (Tjonneland et al., 1991; Bingham et al., 1997; Nath and Huffman, 2005; Shatenstein et al., 2005) . Bland-Altman plots showed an acceptable agreement between the two methods and the small difference between the methods did not show serious systematic variation over the range of Energy adjustment according to the residual method; the residuals from regression analyses were used, with nutrient intake as the dependent variable and energy intake as the independent variable.
Validation of the Inter99 food frequency questionnaire U Toft et al average intake, except for the intake of saturated fat. For saturated fat a tendency of increasing under-reporting with increasing intake was found. However, both the scatter plots and the cross classification illustrated that the ranking of individuals was satisfactory. Analogously, the validation of the residuals showed that these give a good classification of individuals compared with the diet history. In contrast with many other studies (Black et al., 1991; Ocke et al., 1997; van Liere et al., 1997; Sevak et al., 2004; Nath and Huffman, 2005) , the residuals were validated separately in this study and were not used to assess the validity of the crude estimates. This was due to the fact that changes in correlations by going from crude measurements to energy-adjusted residuals have no bearing on the assessment of validity in general. Thus, through rather straightforward calculations, it is possible to show that when the two regressions are comparable, the relation between the correlations is guided solely by the correlation between the energy measurements (see Appendix A). However, to be able to use the residuals in future energy-adjusted analyses, the validation of these is relevant.
The FFQ from the Diet, Cancer and Health study found better correlations for men than women and especially for women the correlation for cholesterol was very low (Tjonneland et al., 1991) . The revised version used in this study showed less differences between men and women and better correlations for especially cholesterol but also fibre and added sugar in both sexes; saturated fat in men; and carbohydrate in women.
The comparison of the FFQ dietary intake with plasma concentrations of carotenoids and urinary nitrogen also showed correlations comparable with results found in earlier studies (Bingham et al., 1997; Pijls et al., 1999; McKeown et al., 2001; McNaughton et al., 2005) . However, the association with the plasma lycopene level was low compared with a number of other studies (Tucker et al., 1999; Kabagambe et al., 2001; Al Delaimy et al., 2005) 5 8.6 8.7 8.8 8.9 9.0 9.1 9.2 9.3 9.4 9.5 9.6 9.7 9.8 9.9 10.0 Figure 1 The between-method difference (Inter99 FFQ and diet history interview) in assessment of the intake of saturated fat and energy plotted against the average intake estimated from both methods with indication of the mean difference and the limits of agreement (BlandAltman plots) . Data are on the log scale.
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2000. An explanation for this could be that the questionnaire only includes questions about the overall intake of fruit and vegetables, whereas lycopene is found in primarily tomatoes and tomato products and is therefore probably not a good indicator of the overall intake. In contrast a-and b-carotenoids and lutein are found in a wide variety of fruits and vegetables (Mangels et al., 1993) . The Danish National Birth study found in contrary to the revised version used in this study no significant correlation between urinary protein and protein intake according to the FFQ (Mikkelsen et al., 2006) .
In general, FFQ tends to overestimate consumption of single food items (Bingham et al., 1997) . The Inter99 FFQ was constructed to control for this through questions concerning the frequency of consumption of entire food groups (for example, fish for dinner). This could be an important reason that the intake in general was estimated lower for the FFQ than for the diet history. The specific questions however, could to some degree, have supported the participants' memory and therefore the use of the overall questions as the standard might to some extent have introduced an underestimation of the intake.
In most studies including measures of dietary habits, no measure of the 'true intake' is available and only the relative validity can be estimated. Although it has been recommended to use 7-days' food records as the 'gold standard' when investigating the relative validity of a FFQ (Willett, 1998) , the diet history and 7-days' food record have interchangeably served as 'gold standards' in practice (Willett et al., 1985; Block et al., 1990; Jain et al., 1996; Hoidrup et al., 2002) and both Black et al. (2000) and Hoidrup et al. (2002) have illustrated a close quantitative agreement between the two methods, and the difference between the methods in assessing energy and macronutrient intake seems to be negligible. Because of logistic problems associated with the diet record methods the diet history was chosen in the present study.
Although calculation of correlation coefficients is commonly used when investigating the relative validity of dietary assessment methods, correlation analysis is associated with several limitations and has repeatedly been criticized (Willett et al., 1985; Altman, 1986, 2003; Hebert and Miller, 1991; Delcourt et al., 1994) . Correlation coefficients are not a measurement of the extent of agreement between two measures, but rather of the association and hence cannot detect systematic errors. Furthermore, the null hypothesis of Energy adjustment according to the residual method; the residuals from regression analysis were used, with nutrient intake as the dependent variable and energy intake as the independent variable; *Po0.05. Validation of the Inter99 food frequency questionnaire U Toft et al no expected correlation is incorrect because, when two methods are used to measure the same variable, a positive correlation is to be expected. Another disadvantage of the correlation coefficient is that they are dependent on the true between-subject variations in the study population and are therefore not comparable between populations with different variation in the dietary intake (for example between men and women). In this study we supplemented the correlation coefficients with scatter plots with the line of identity, BlandAltman plots and classification of subjects in quintiles. However, all these four methods have limitations and cannot determine validity alone (Bellach, 1993; Carstensen, 2004; Schmidt and Steindorf, 2006) , and better alternatives to correlation coefficients and other methods commonly used in validation studies are needed. We conclude that the Inter99 FFQ and the residuals of the intake provide reasonable classification of individuals according to their dietary intakes and the FFQ gives a good quantitative measurement of key dietary components.
